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Abstract
Baryon asymmetry of the universe (BAU) can likely be explained with K0 − K0′ oscillations
of a newly developed mirror-matter model and new understanding of quantum chromodynamics
(QCD) phase transitions. A consistent picture for the origin of both BAU and dark matter is
presented with the aid of n − n′ oscillations of the new model. The global symmetry breaking
transitions in QCD are proposed to be staged depending on condensation temperatures of strange,
charm, bottom, and top quarks in the early universe. The long-standing BAU puzzle could then
be understood with K0 − K0′ oscillations that occur at the stage of strange quark condensation
and baryon number violation via a non-perturbative sphaleron-like (coined “quarkiton”) process.
Similar processes at charm, bottom, and top quark condensation stages are also discussed including
an interesting idea for top quark condensation to break both the QCD global Ut(1)A symmetry and
the electroweak gauge symmetry at the same time. Meanwhile, the U(1)A or strong CP problem
of particle physics is addressed with a possible explanation under the same framework.
∗ wtan@nd.edu
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I. INTRODUCTION
The matter-antimatter imbalance or baryon asymmetry of the universe (BAU) has been
a long standing puzzle in the study of cosmology. Such an asymmetry can be quantified in
various ways. The cosmic microwave background (CMB) data by Planck set a very precise
observed baryon density of the universe at Ωbh
2 = 0.02242±0.00014 [1]. This corresponds to
today’s baryon-to-photon number density ratio of nB/nγ = 6.1×10−10. For an adiabatically
expanding universe, it would be better to use the baryon-number-to-entropy density ratio
of nB/s = 8.7× 10−11 to quantify the BAU, which may have to be modified under the new
understanding of the neutrino history in the early universe (see Sec. IV).
From known physics, it is difficult to explain the observed BAU. For example, for an
initially baryon-symmetric universe, the surviving relic baryon density from the annihilation
process is about nine orders of magnitude lower than the observed one [2]. Therefore, an
asymmetry is needed in the early universe and the BAU has to exist before the temperature
of the universe drops below T = 38 MeV [2] to avoid the annihilation catastrophe between
baryons and anti-baryons.
Sakharov proposed three criteria to generate the initial BAU: (i) baryon number (B-)
violation (ii) C and CP violation (iii) departure from thermal equilibrium [3]. The Standard
Model (SM) is known to violate both C and CP and it does not conserve baryon number
only although it does B − L (difference of baryon and lepton numbers). Coupled with
possible non-equilibrium in the thermal history of the early universe, it seems to be easy
to solve the BAU problem. Unfortunately, the violations in SM without new physics are
too small to explain the observed fairly large BAU. The only known B-violation processes
in SM are non-perturbative, for example, via the so-called sphaleron [4] which involves nine
quarks and three leptons from each of the three generations. It was also found out that the
sphaleron process can be much faster around or above the temperature of the electroweak
symmetry breaking or phase transition TEW ∼ 100 GeV [5]. This essentially washes out
any BAU generated early or around TEW since the electroweak transition is most likely
just a smooth cross-over instead of “desired” strong first order [6]. It makes the appealing
electroweak baryogenesis models [5, 7] ineffective and new physics often involving the Higgs
have to be added in the models [8–10]. Recently lower energy baryogenesis typically using
particle oscillations stimulated some interesting ideas [11, 12]. Other types of models such
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as leptogenesis [13] are typically less testable or have other difficulties.
Here we present a simple picture for baryogenesis at energies around quantum chromo-
dynamics (QCD) phase transition with K0 − K0′ oscillations based on a newly developed
mirror matter model [14]. K0 −K0′ oscillations and the new mirror matter model will be
first introduced to demonstrate how to generate the “potential” amount of BAU as observed.
Then the QCD phase transition will be reviewed and the sphaleron-like non-perturbative
processes are proposed to provide B-violation and realize the “potential” BAU created by
K0 − K0′ oscillations. In the end, the observed BAU is generated right before the n − n′
oscillations that determine the final mirror(dark)-to-normal matter ratio of the universe [14].
Meanwhile, the long-standing U(1)A and strong CP problems in particle physics are also
naturally resolved under the same framework.
II. K0 −K0′ OSCILLATIONS AND THE NEW MODEL
To understand the observed BAU, we need to apply the newly developed particle-mirror
particle oscillation model [14]. It is based on the mirror matter theory [15–22], that is, two
sectors of particles have identical interactions within their own sector but share the same
gravitational force. Such a mirror matter theory has appealing theoretical features. For
example, it can be embedded in the E8 ⊗ E8′ superstring theory [17, 23, 24] and it can
also be a natural extension of recently developed twin Higgs models [25, 26] that protect
the Higgs mass from quadratic divergences and hence solve the hierarchy or fine-tuning
problem. The mirror symmetry or twin Higgs mechanism is particularly intriguing as the
Large Hadron Collider has found no evidence of supersymmetry so far and we may not
need supersymmetry, at least not below energies of 10 TeV. Such a mirror matter theory
can explain various observations in the universe including the neutron lifetime puzzle and
dark-to-baryon matter ratio [14], evolution and nucleosynthesis in stars [27], ultrahigh energy
cosmic rays [28], dark energy [29], and a requirement of strongly self-interacting dark matter
to address numerous discrepancies on the galactic scale [30].
In this new mirror matter model [14], no cross-sector interaction is introduced, unlike
other particle oscillation type models. The critical assumption of this model is that the
mirror symmetry is spontaneously broken by the uneven Higgs vacuum in the two sectors,
i.e., < φ > 6=< φ′ >, although very slightly (on a relative breaking scale of ∼ 10−15–10−14)
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[14]. When fermion particles obtain their mass from the Yukawa coupling, it automatically
leads to the mirror mixing for neutral particles, i.e., the basis of mass eigenstates is not the
same as that of mirror eigenstates, similar to the case of ordinary neutrino oscillations due
to the family or generation mixing. The Higgs mechanism makes the relative mass splitting
scale of ∼ 10−15–10−14 universal for all the particles that acquired mass from the Higgs
vacuum. Further details of the model can be found in Ref. [14].
The immediate result of this model for this study is the probability of K0−K0′ oscillations
in vacuum [14],
PK0K0′ (t) = sin
2(2θ) sin2(
1
2
∆K0K0′ t) (1)
where θ is the K0 − K0′ mixing angle and sin2(2θ) denotes the mixing strength of about
10−4, t is the propagation time, ∆K0K0′ = mK02 − mK01 is the small mass difference of the
two mass eigenstates of about 10−6 eV [14], and natural units (~ = c = 1) are used for
simplicity. Note that the equation is valid even for relativistic kaons and in this case t is the
proper time in the particle’s rest frame. There are actually two weak eigenstates of K0 in
each sector, i.e., K0S and K
0
L with lifetimes of 9× 10−11 s and 5× 10−8 s, respectively. Their
mass difference is about 3.5 × 10−6 eV very similar to ∆K0K0′ , which makes one wonder if
the two mass differences and even the CP violation may originate from the same source.
For kaons that travel in the thermal bath of the early universe, each collision or interaction
with another particle will collapse the oscillating wave function into a mirror eigenstate. In
other words, during mean free flight time τf the K
0−K0′ transition probability is PK0K0′ (τf ).
The number of such collisions will be 1/τf in a unit time. Therefore, the transition rate of
K0 −K0′ with interaction is [14],
λK0K0′ =
1
τf
sin2(2θ) sin2(
1
2
∆K0K0′τf ). (2)
Note that the Mikheyev-Smirnov-Wolfenstein (MSW) matter effect [31, 32], i.e., coherent
forward scattering that could affect the oscillations is negligible as the meson density is very
low when kaons start to condensate from the QCD plasma (see more details for in-medium
particle oscillations from Ref. [27]), and in particular, the QCD phase transition is most
likely a smooth crossover [33, 34].
It is not very well understood how the QCD symmetry breaking or phase transition occur
in the early universe, which will be discussed in detail in the next section. Let us suppose
that the temperature of QCD phase transition Tc is about 150 MeV and a different value
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(e.g., 200 MeV) here does not affect the following discussions and results. At this time only
up, down, and strange quarks are free. It is natural to assume that strange quarks become
confined first during the transition, i.e., forming kaon particles first instead of pions and
nucleons. A better understanding of this process is shown in the next section. As a matter
of fact, even if they all form at the same time, the equilibrium makes the ratio of nucleon
number to kaon number
nN
nK
' (mN
mK
)3/2 exp(−(mN −mK)/Tc) ∼ 0.1 (3)
very small due to the fact that kaons are much lighter than nucleons.
Once neutral kaons are formed, they start to oscillate by participating in the weak in-
teraction with cross section of σEW ∼ G2FT 2 where GF = 1.17 × 10−5 GeV−2 is the Fermi
coupling constant. Then one can estimate K0’s thermally averaged reaction rate over the
Bose-Einstein distribution,
Γ =
g
(2pi)3
∫ ∞
0
d3pf(p)σEW
p
m
=
g
2pi2
G2FT
2
m
∫ ∞
0
dp
p3
exp(
√
p2 +m2/T )− 1 (4)
where g = 2 for both K0S and K
0
L, m is the mass of kaons, and T is the temperature. The
expansion rate of the universe at this time can be estimated to be H ∼ T 2MeV s−1 where TMeV
is the temperature in unit of MeV. The condition for K0 to decouple from the interaction or
freeze out is Γ/H < 1. It can be easily calculated from Eq. (4) that the freezeout occurs at
Tfo = 100 MeV. This means that kaon oscillations have to operate between Tc = 150 MeV
and Tfo = 100 MeV. And fortunately the K
0 mesons have long enough lifetime (compared
to the weak interaction rate) for such oscillations and BAU to occur during this temperature
range.
For the standard constraint on the mirror-to-normal matter temperature ratio of x =
T ′/T < 1/2 [17, 19] that will be discussed further in Sec. IV, the two oscillation steps of
K0
′ → K0 and K0 → K0′ will be decoupled in a similar way as the n − n′ oscillations
discussed in Ref. [14]. Using a typical weak interaction rate λEW = 1/τf = G
2
FT
5 ∼ T 5MeV
s−1 and the age of the universe t = 0.3/T 2MeV s during this period of time, one can get the
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final-to-initial K0 abundance ratio in the ordinary sector for the second step,
Xf
X i
= exp(−
∫
PK0K0′ (τf )λEWdt)
= exp(−5× 1028 sin2(2θ)(∆K0K0′
eV
)2
∫ Tfo
Tc
d(
1
T 7MeV
))
= 1− 0.05 ≡ 1−  (5)
and the first step is negligible due to the much faster expansion rate of the universe [14].
However, K0S has a lifetime of 9 × 10−11 s that is comparable to the weak interaction
rate at such temperatures. Owing to this, only one third of K0S particles participate in the
oscillations while the other two thirds decay to pions. In contrast to K0S, K
0
L mesons have a
much larger lifetime (5× 10−8 s) and hence almost all of them take part in the oscillations.
Considering the above correction, the final-to-initial K0 abundance ratio in the normal world
due to oscillations becomes,
Xf
X i
= 1− 2
3
. (6)
The CP violation amplitude in SM is measured as δ = 2.228×10−3 [35] so that δ2 ∼ 5×10−6
and the oscillation probability ratio can be estimated as PK0K0′/PK¯0K¯0′ ∼ 1− δ2. Then the
net K0 fraction can be obtained as follows,
∆XK0K¯0
XK0K¯0
≡ XK0 −XK¯0
XK0 +XK¯0
=
1
3
δ2 ∼ 25
3
× 10−8 (7)
If the excess of K0(ds¯) generated above can survive by some B-violation process, i.e.,
dumping s¯ quarks and leaving d quarks to form nucleons in the end, then assuming that
half of strange quarks condensate into K0L,S (with the other half in K
±) we will end up with
a net baryon density of nB/s = 5.6 × 10−10 that essentially gives the sum of the observed
baryon and dark matter. In the next section, we will demonstrate how such a B-violation
process could occur during the QCD phase transition.
In Eq. (5) the mixing strength sin2(2θ) ∼ 10−4 and the mass splitting parameter
∆K0K0′ ∼ 10−6 eV are estimated from n − n′ oscillations in Ref. [14] assuming that the
single-quark mixing strength is similar and the mass splitting parameter is scaled to the
particle’s mass. Unfortunately, these estimates are still fairly rough as the neutron lifetime
measurements have not yet constrained the oscillation parameters well [14] resulting in a
factor of ∼ 10 uncertainty in  of Eq. (5). On the other hand, the observed baryon asym-
metry can be used to constrain these parameters under the new mechanism, i.e.,  = 0.05 or
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sin2(2θ)∆2
K0K0′ = 10
−16 eV2. Remarkably, such parameters are consistent with the neutron
lifetime experiments and the origin of dark matter under the new model (see more discus-
sions in Sec. IV). More detailed studies of the mirror mixing parameters under the context
of the CKM matrix and proposed laboratory measurements can be found in a separate paper
[36].
III. QCD SYMMTRY BREAKING TRANSITION AND OTHER OSCILLATIONS
A massless fermion particle’s chirality or helicity has to be preserved, i.e., its left- and
right-handed states do not mix [37]. This is essentially also true for extremely relativistic
massive particles as required by special relativity. Therefore the global flavor chiral symme-
try of SU(2)L ⊗ SU(2)R for the family of up and down quarks is very good as their masses
are so tiny compared to the QCD confinement energy scale.
Under strong interactions like QCD, the non-vanishing vacuum expectation value of quark
condensates can lead to spontaneous symmetry breaking (SSB) by mixing left- and right-
handed quarks in the mass terms. The resulting pseudo-Nambu-Goldstone bosons (pNGB)
and Higgs-like field will manifest as light bound states of quark condensates. For example,
the approximate SU(2)L ⊗ SU(2)R chiral symmetry is spontaneously broken into SU(2)V ,
i.e., the isospin symmetry at low energies in QCD, which can be described under an effective
theory of the so-called σ-model [37]. In this case, the lightest isoscalar scalar σ or f0(500)
meson with mass of ∼ 450 MeV serves as the quark condensate for SSB [38], a similar role to
Higgs in electroweak SSB. The resulting pNGB particles are the three lightest pseudoscalar
mesons (pi± and pi0). The Lagrangian for the matter part with omission of gauge fields and
Higgs-like parts can be written as,
Lmatter = q¯
a
L(iγ
µDµ)q
a
L + q¯
a
R(iγ
µDµ)q
a
R −ma(q¯aLqaR + q¯aRqaL) (8)
where the left- and right-handed quark fields qL/R are summed over the flavor index a. The
non-vanishing mass terms can mix left- and right-handed states and hence explicitly break
the chiral symmetry.
There is actually an extra global symmetry of U(1)L ⊗ U(1)R in the above QCD system
before the SSB, where the U(1)L+R symmetry is conserved and manifests as baryon con-
servation in QCD while the axial part U(1)L−R or U(1)A is explicitly broken by the axial
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current anomaly, resulting in a CP violating term in the Lagrangian involving gauge field
G,
Lθ =
θg2s
32pi2
G · G˜ (9)
with θ modified by the Yukawa mass matrices for quarks as the physical strong CP phase
θ¯ = θ − arg det(∏ama). This leads to the long-standing so-called U(1)A and strong CP
puzzles in particle physics [39] as the θ¯ parameter has to be fine-tuned to zero or at least
≤ 10−9 to be consistent with experimental constraints of the neutron electric dipole moment
[40].
In the scheme of 1/N expanded QCD, Witten using a heuristic method [41] discovered an
interesting connection to the η′ meson as a possible pNGB to solve the U(1)A or strong CP
problem although the η′ mass (958 MeV) seems to be too high for the above chiral SSB. The
good Witten-Veneziano relation for obtaining the η′ mass under such an approach [41, 42]
indicates some validity of the idea. In addition, it gives the correct QCD transition scale
of about 180 MeV and relates the η′ mass to the interesting topological properties of QCD
[41, 42].
At a little earlier time, Peccie and Quinn [43, 44] conjectured a so-called U(1)PQ axial
symmetry to solve the U(1)A problem by dynamically canceling the axial anomaly with an
imagined “axion” field. Here we could combine the two brilliant ideas and find the clue for
solving the problem as shown below.
The key is to realize that the QCD symmetry breaking transition can be staged as shown
in Table I. That is, we could have a strange quark condensation first leading to an SSB at a
higher energy scale and then the normal SU(2) chiral SSB at slightly lower energy. At the
early stage, it is the strange U(1) (i.e., Us(1)) symmetry that gets spontaneously broken.
The Us(1)L+R is kept as strange number conservation in QCD that will then be broken by
the electroweak force while the other global Us(1)L−R symmetry is broken by mixing left-
and right-handed strange quarks in the mass term. At the same time the SU(3) flavor
symmetry of (u,d,s) quarks is broken into SU(2) of (u,d) quarks with five pNGB particles
of K±, K0L,S, and η (more exactly η8). The broken Us(1)L−R or Us(1)A gives another pNGB,
i.e., η′ (more exactly η1 with quark configuration of uu¯+dd¯+ss¯), as Witten suspected. The
Higgs-like particle leading to this SSB is the scalar singlet f0(980) meson with mass of 990
MeV [35] that is perfectly compatible with the seemingly heavy η′.
The Us(1)A symmetry has all the desired necessary features of the arbitrary U(1)PQ
8
TABLE I. Possible stages of QCD spontaneous symmetry breaking or phase transitions are shown.
Candidates of Higgs-like and pNGB particles are taken from the compilation of Particle Data
Group [35]. The major oscillations of neutral condensates and non-perturbative processes at each
stage are listed as well.
SSB stages (u, d) ss¯ cc¯ bb¯ tt¯
Higgs-like σ/f0(500) f0(980) χc0(1P ) χb0(1P ) Higgs
Broken Symm. chiral SU(2) Us(1)A and
SU(3)→ SU(2)
Uc(1)A Ub(1)A Ut(1)A and EW
pNGB pi±, pi0 η1(η′) and
K±,K0L,S , η8(η)
ηc(1S) ηb(1S) ηt(1S)?
Oscillations n− n′ K0 −K0′ D0 −D0′ B0 −B0′ H −H ′
Non-perturbative s-quarkiton c-quarkiton b-quarkiton t-quarkiton and
sphaleron
axial symmetry conjectured by Peccie and Quinn [43, 44]. That is, SSB of Us(1)A due to
strange quark condensation provides a Higgs-like field (f0(980)) and a pNGB (η1) that can
dynamically drive the U(1)A axial anomaly and the θ¯ parameter to zero and therefore solving
the strong CP problem. The imagined “axion” from SSB of the Peccie-Quinn symmetry
[45] is not needed and the problem can be solved within the framework of SM without new
particles.
However, such a solution does not seem to provide a B-violation mechanism for solving
the BAU problem as Us(1)L+R or strange number is conserved. Another key insight related
to the non-perturbative effects and topological structures of QCD and SM will be discussed
below.
The work of ’t Hooft [46, 47] interpreted the U(1)A anomaly in the chiral SSB as the topo-
logical effects in QCD and introduced the so-called θ-vacua between which tunneling occurs
via instantons non-perturbatively although such quantum tunneling effects are extremely
suppressed. It is actually this kind of non-trivial θ-vacuum structure and instanton-like
gauge field solutions leading to the desired B-violation in SM. Below we provide a brief
review of the known electroweak sphaleron under gauge SSB and then propose a new type
sphaleron-like process using the above-discussed dynamic SSB on global symmetries.
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A saddle-point gauge field solution called “sphaleron” in the electroweak interaction of
SU(2)L ⊗ U(1)Y was first discovered in 1984 by Klinkhamer and Manton [4] that inspired
various electroweak baryogenesis models later. Finite temperature effects considered by Ref.
[5] make the sphaleron-like process rate high enough for B-violation around or above the
electroweak phase transition energy scale. Recently an SU(3) sphaleron has been proposed
and calculated [48, 49] and could be related to the non-Abelian chiral anomaly [50].
The nontrivial vacuum structure in gauge theories can be characterized by the Chern-
Simons integer or the winding number NCS and transitions between topologically inequiv-
alent vacuum configurations can then be denoted by the integer Pontryagin index or the
topological charge,
Q ≡ ∆NCS = g
2
32pi2
∫
d4xG · G˜. (10)
The electroweak sphaleron is associated with the SSB of the electroweak gauge symmetry
SU(2) and the global B and L anomalies of SU(2)2U(1)B and SU(2)
2U(1)L, respectively.
The corresponding anomalous baryon and lepton number currents can be written as,
∂µJBµ = ∂
µJLµ =
g2Ng
16pi2
G · G˜ (11)
and therefore the baryon and lepton number conservation is violated for a topological tran-
sition as follows,
∆B = ∆L = 2Ng∆NCS (12)
where Ng = 3 is the number of generations. The sphaleron sits at the top of the energy
barrier between two adjacent vacuum configurations with ∆NCS = 1/2 and hence it involves
nine quarks and three leptons (all left-handed) from each generation and violates B and L
numbers by three units (i.e., Ng) while conserving B − L at the same time. The sphaleron
energy can be estimated as [4],
Es ∼MW/α ∼ 10 TeV (13)
which essentially defines the height of the barrier between topologically disconnected vacua.
Now the question becomes if there is a similar sphaleron-like process that could occur
at the energy scale of the QCD phase transition. The answer is very likely. There could
be a similar saddle-point solution when the QCD gauge fields are included with a dynamic
SSB on global symmetries, we will call it “quarkiton” to distinguish from sphaleron for the
electroweak gauge SSB.
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The quarkiton process is assumed to be associated with the strange quark condensation
and the strange chiral Us(1)A SSB as discussed above. As such, it is related to the strange
chiral anomaly of SU(3)2cUs(1)A under QCD with an anomalous chiral current for strange
quarks expressed by its divergence,
∂µJ5sµ =
g2Nc
16pi2
G · G˜ (14)
and the strange chirality violation can be obtained as follows,
∆Sc = 2Nc∆NCS (15)
where Nc = 3 is the quark color degree of freedom. This chirality violation requires three
strange quarks of the same chirality to form the quarkiton at the top of the energy bar-
rier between two neighboring QCD vacuum configurations with ∆NCS = 1/2 like the
sphaleron. When the electroweak gauge symmetry is also considered, the chiral anomaly of
SU(2)2LU(1)A within the 2nd generation of quarks and leptons provide additional selection
rules of ∆B = ∆L = 2∆NCS = 1 for the quarkiton. For the full SM gauge theory, therefore,
it is natural to construct the quarkiton as a B and L violating process (by one unit for each)
involving three strange quarks and three leptons in the same generation like the following,
sss+ µ+νµνµ ⇔ Quarkiton⇔ s¯s¯s¯+ µ−ν¯µν¯µ (16)
where all of quarks and leptons are left-handed, three strange quarks ensure a color singlet,
and the overall B − L is conserved. In particular, a quarkiton is configured to be a neutral
singlet under the SM gauge symmetry of SU(3)c⊗SU(2)L⊗U(1)Y . A complete topological
transition of ∆NCS = 1 via quarkiton can be described by Eq. (16) as follows: the lhs
particles excited out of one vacuum configuration form the quarkiton over the barrier and
then decay to the corresponding anti-particles on the rhs of Eq. (16) with respect to the
next vacuum configuration.
To estimate the quarkiton energy, we apply SSB on the global flavor symmetry SU(3)
of (u,d,s) quarks and the chiral strange Us(1) instead of the gauge symmetries as used in
sphaleron calculations [4, 49]. We can derive a similar saddle-point solution with its energy
related to the pNGB particles of quark condensates instead of the elementary gauge bosons.
In particular, the quarkiton energy can be related to the kaon mass and the kaon-quark
coupling as follows,
Eq ∼ mK/αKqq ∼ 0.5 GeV (17)
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where the kaon-quark coupling αKqq = g
2
Kqq/4pi ∼ 1 is inferred from the observed pion-
nucleon coupling constant gpiNN = 13.4, the corresponding pion-quark coupling constant
gpiqq ≈ gpiNN/(3gA) ≈ 3.6, and αpiqq = g2piqq/4pi ∼ 1. So the quarkiton energy is on the same
order of the kaon mass mK ∼ 0.5 GeV and close to the energy scale of 0.2 GeV for the
strange quark condensation or phase transition. Such a low energy barrier ensures that the
quarkiton transition rate is high enough for B-violation around the QCD phase transition
energy scale.
Such a quarkiton process can help solve the BAU problem under the scenario of K0−K0′
oscillations discussed in the previous section. Like the electroweak transition [6], the QCD
phase transition in the early universe is most likely a smooth crossover [33, 34] and the
extra K0 (ds¯) particles will be deconfined back into free down and anti-strange quarks.
That is, the extra down quarks from K0 can be saved once all the extra anti-strange quarks
are converted to strange quarks via the quarkiton process and then condensate again into
mesons. Half of the saved down quarks are subsequently transitioned to up quarks by the
electroweak interaction. When the next stage QCD phase transition (i.e., the chiral SU(2)
SSB) occurs at possibly around T = 100 − 150 MeV or temperatures mostly overlapped
with the s-quark condensation process for a smooth phase transition crossover, these extra
up and down quarks will condensate into protons and neutrons forming the initial baryon
content of the universe. The net effect after all these processes for one K0 (ds¯) excess is,
d+ s¯→ 1
6
p+
1
6
n+
1
6
e− +
1
6
ν¯e +
1
3
νµ. (18)
During the strange quark condensation, kaons are the lightest strange mesons. So it is
safe to assume that about half of strange quarks condensate into K0 while the other half
into K±. Before condensation the (anti-)strange quark number to entropy density ratio is
nss¯/s = 4× 10−2 owing to an effective number of relativistic degrees of freedom g∗ = 61.75
during this stage. Taking into account the oscillation result from Eq. (7) one can obtain a
net baryon-number-to-entropy density ratio of nB/s = 5.6 × 10−10. Considering that most
of the baryon excess generated above will be converted to mirror baryons subsequently via
n−n′ oscillations [14] and today’s observed dark/mirror-to-baryon ratio is 5.4, the eventual
leftover baryons in the normal sector will be nB/s = 8.7× 10−11 that agrees very well with
the observed value.
Note that B − L is conserved at the end of net baryon generation from (18) with extra
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amount of νµ equal to the net baryon number. The fate of these and other neutrinos and
their effects on the thermal evolution of the universe will be discussed in the next section.
Now one may wonder if a similar quarkiton process and SSB could also operate earlier
at higher temperatures for charm, bottom, and even top quark condensation. Interestingly,
analogous to the strange quarkiton process, the following could be conceived to occur at
different condensation stages for c-, b-, and t- quarks, respectively,
ccc+ µ−µ−ν¯µ ⇔Quarkiton⇔ c¯c¯c¯+ µ+µ+νµ (19)
bbb+ τ+ντντ ⇔Quarkiton⇔ b¯b¯b¯+ τ−ν¯τ ν¯τ (20)
ttt+ τ−τ−ν¯τ ⇔Quarkiton⇔ t¯t¯t¯+ τ+τ+ντ (21)
where the SM gauge singlet configuration is required for all quarkitons. The Higgs-like
candidates could be χc0(1P ) for c-quark condensation and χb0(1P ) for b-quark condensation
with the possible pNGB particles of ηc(1S) and ηb(1S) for breaking the corresponding Uc(1)A
and Ub(1)A symmetries, respectively, as shown in Table I.
Another interesting idea could be conceived from the coincident energy scale of t-quark
condensation and electroweak phase transition. That is, the actual Higgs could be a bound
state of top quark condensate that breaks both the global QCD top flavor Ut(1)A and the
electroweak gauge symmetries at the same time by giving mass to all the fermion particles
and defining the SM vacuum structure. The subsequent b-, c-, s- quark condensation and
SSB transitions just modify the QCD vacuum structure further. Together with evidence of
similar K0 mass differences due to CP violation and mirror splitting as discussed earlier,
one may wonder if at the scale of TEW the top quark condensation could also break the
degeneracy of normal and mirror worlds and cause the CP violation at the same time.
These phase transition processes can lead to more particle oscillations between the normal
and mirror sectors from D0, B0, and Higgs during the c-, b-, and t-quark condensation
phases, respectively. For Higgs with ∆HH′ ∼ 10−4 eV and sin2(2θ) ∼ 10−4 (as a t-quark
condensate) [14], one can get a small oscillation parameter of (HH ′) ∼ 10−18 at Tc = 100
GeV from Eq. (5). For D0 with ∆D0D0′ ∼ 10−6 eV and sin2(2θ) ∼ 10−4 [14], we can estimate
(D0D0
′
) ∼ 10−8 at Tc = 1 GeV from Eq. (5). Similarly, (B0B0′) ∼ 10−13 at Tc = 10 GeV
for B0 with ∆B0B0′ ∼ 10−5 eV and sin2(2θ) ∼ 10−4 [14]. These oscillations are much weaker
compared to the K0 −K0′ oscillations and therefore they are negligible for the generation
of BAU.
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IV. CONSISTENT ORIGIN OF BAU AND DARK MATTER
As demonstrated in the previous sections, K0 − K0′ oscillations provide an intriguing
mechanism for the generation of the matter-antimatter asymmetry. In combination with
the n− n′ oscillations under the new model [14], a consistent picture for the origin of both
BAU and dark matter will be presented in this section.
Besides the two built-in model parameters of the mixing strength sin2(2θ) and the mass
difference ∆, a third cosmological parameter x = T ′/T has to be constrained for such oscil-
lations to work. To be consistent with the results of the standard big bang nucleosynthesis
(BBN) model, in particular, the well known primordial helium abundance, a strict require-
ment of T ′/T < 1/2 at BBN temperatures [17, 19–21] has to be met to ensure a slow enough
expansion of the universe. Such a temperature condition can naturally occur after the early
inflation and subsequent reheating [17, 19]. A typical ratio of T ′/T ∼ 0.3 is evidently sup-
ported in the studies of ultrahigh energy cosmic rays under the new mirror matter model
[28]. A better constraint on this parameter can probably be obtained from the thorough
BBN simulations modified with the n−n′ oscillations of the new mirror matter model, which
could potentially solve the primordial 7Li puzzle [51, 52] as well.
As shown in the earlier discussions, the normal and mirror sectors do not exchange much
via oscillations in the early universe, only on the order of 10−8 or less for D0, B0, and
Higgs oscillations. The largest exchange of a few percents comes from K0−K0′ oscillations.
Although the n − n′ oscillations [14] are more dramatic, the overall baryon density is too
low at the moment and consequently the n− n′ induced exchange between the two sectors
is much smaller. Therefore, the entropy of each sector is approximately conserved from the
electroweak phase transition (T = 100 GeV) until after BBN. Meanwhile, the macroscopic
asymmetry on the ratio of T ′/T is mostly preserved as well.
However, neutrino-mirror neutrino oscillations could become significant when the universe
cools down to T = 0.8 keV or about 20 days after the Big Bang assuming ∆2νν′ ∼ 10−18 eV2
[14]. This can significantly change the entropy of each sector and also the temperatures of
normal and mirror neutrinos. On the other hand, the normal and mirror gamma temper-
atures should stay intact since neutrinos have decoupled long before this moment. When
we discuss the baryon-to-entropy ratio of nB/s the traditional entropy definition is used by
ignoring the entropy changes due to possible ν − ν ′ oscillations. Notwithstanding, a new
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understanding of the nature of neutrinos and mirror neutrinos in the extended Standard
Model with Mirror Matter (SM3) predicts that such ν − ν ′ oscillations are not possible [29].
Only the criterion of T ′/T < 1/2 is needed for the studies in this paper. To better
illustrate the process, however, we use T ′/T = 1/3 as an example with the sequence of the
events listed in Table II. Mirror oscillations for both K0
′
and n′ occur first when the normal
sector is still above the QCD phase transition temperature making its effective number of
relativistic degrees of freedom g∗ much larger. These early oscillation processes contribute
little as their oscillation parameter of  =
∫
P (τf )λdt is greatly suppressed by a factor of
(T ′/T )2
√
g∗(T ′)/g∗(T ) [14].
When the K0 → K0′ oscillations operate between T = 100 − 150 MeV, initial matter-
antimatter asymmetry is generated in the normal sector as discussed earlier while the excess
of K¯0
′
in the mirror sector will quickly decay into mirror pions at much lower mirror tem-
peratures. Therefore, nearly all the initial baryon asymmetry originates from the normal
sector and the mirror sector contributes little to the net baryon content in the beginning.
Possibly slightly after the inception of K0 → K0′ oscillations, the n → n′ oscillations
start to convert the initial net baryons into mirror baryons. For a likely smooth crossover
of QCD phase transition [33, 34], the two oscillation processes probably overlap over a large
temperature range (e.g., between 100 and 150 MeV). The peak of n→ n′ oscillations occurs
at about 70 MeV well after the end of K0 → K0′ oscillations. The n − n′ oscillation rate
drops quickly below T = 60 MeV whereas n−n′ oscillations still keep a very small exchange
rate between the two sectors even at temperatures below 10 MeV. The final mirror-to-normal
baryon ratio eventually becomes about 5.4 as the observed dark-to-baryon ratio.
Once the mirror BBN starts, most of mirror neutrons will be fused into mirror helium.
Instead of having mirror neutrons depleted as in standard BBN calculations, n − n′ oscil-
lations will keep an appreciable n′ abundance in the mirror sector. The normal BBN then
follows and most of normal neutrons are fused into normal helium. At this moment, the
reverse n′ → n oscillations will feed the normal sector with more neutrons at lower energies.
These additional low energy neutrons will help destroy the extra 7Be formed earlier and
potentially solve the primordial 7Li problem [51, 52]. In particular, lower energy neutrons
can make the 7Be destruction rate much higher than the n+p fusion rate [53] and therefore
alleviate the issue of lithium-deuterium anti-correlation [54].
Under the above consistent picture of particle oscillations, one can further examine the
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TABLE II. The sequence of events in the early universe is listed during the period of K0 − K0′
and n − n′ oscillations using T ′/T = 1/3 as an example. The QCD phase transition temperature
is assumed to be 150 MeV.
T [MeV] T ′ [MeV] events
450 150 start of mirror s-quark condensation and suppressed K0
′ → K0 oscilla-
tions; start of mirror nucleon formation and suppressed n′ → n oscilla-
tions (possibly slightly later)
300 100 end of suppressed K0
′ → K0 oscillations
210 70 peak of suppressed n′ → n oscillations
150 50 start of normal s-quark condensation and K0 → K0′ oscillations; start
of normal nucleon formation, n → n′ oscillations, and generation of
matter-antimatter asymmetry (possibly slightly later)
100 33 end of K0 → K0′ oscillations
70 23 peak of n→ n′ oscillations
60 20 major n→ n′ conversion peak done
10 3 tailing of n→ n′ oscillations; final dark(mirror)-to-baryon matter ratio
1 0.3 normal weak interaction decoupling
0.3 0.1 start of mirror BBN
0.15 0.05 mirror helium formed; mirror neutrons gained from n→ n′ oscillations
0.1 0.03 start of normal BBN
0.05 0.017 normal helium formed; low energy normal neutrons gained from n′ → n
oscillations resulting the destruction of 7Be
0.8 keV 0.3 keV start of ν − ν ′ oscillations [14] or no ν − ν ′ oscillations in SM3 [29]
relations between the mixing strength sin2(2θ), the mass difference ∆nn′ , the mirror-to-
normal baryon ratio, and the QCD phase transition temperature Tc using the framework
developed in the original work of the new mirror matter model [14]. Figure 1 shows the
mirror-to-normal baryon ratio as function of the mass difference for varied QCD phase
transition temperatures and sin2(2θ) = 2 × 10−5. Figure 2 depicts the mixing strength
vs the mass difference for three different QCD phase transition temperatures assuming a
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FIG. 1. The mirror-to-normal baryon ratio is shown as function of the mass difference ∆nn′
assuming the mixing strength sin2(2θ) = 2 × 10−5. The QCD phase transition temperature is
varied to be Tc = 100, 150, 200 MeV, respectively.
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FIG. 2. The mixing strength sin2(2θ) is shown as function of the mass difference ∆nn′ assuming
a mirror-to-normal baryon ratio of 5.4. The QCD phase transition temperature is varied to be
Tc = 100, 150, 200 MeV, respectively.
mirror-to-normal baryon ratio of 5.4.
For the most likely QCD phase transition temperature range (150-200 MeV) [33, 34] and
the well observed dark-to-baryon ratio of 5.4, the n− n′ mass difference, as shown in Figs.
1-2, can be constrained as ∆nn′ = 10
−6− 10−5 eV by the uncertainty of the mixing strength
8× 10−6 ≤ sin2(2θ) ≤ 4× 10−5 inferred from neutron lifetime measurements [14]. The best
value of ∆nn′ = 3 × 10−6 eV corresponds to the mixing strength of sin2(2θ) = 2 × 10−5.
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Note that no upper limit on ∆nn′ can be set if the QCD phase transition temperature is
somehow much lower (e.g., around 100 MeV). A detailed study of applying the new model
to BBN may help further constrain these parameters. More neutron lifetime measurements
with different magnetic traps can certainly provide a much more accurate value of sin2(2θ)
and consequently better ∆nn′ . And furthermore, it may also provide a way to pin down the
QCD phase transition temperature.
V. CONCLUSION
Under the new mirror-matter model [14] and new understanding of possibly staged QCD
symmetry breaking phase transitions, the long-standing BAU puzzle can be naturally ex-
plained with K0 − K0′ oscillations that occur at the stage of strange quark condensation.
A consistent picture of particle-mirror particle oscillations throughout the early universe is
presented including a self-consistent origin of both BAU and dark matter. Meanwhile, the
U(1)A or strong CP problem in studies of particle physics is understood under the same
framework. The connection between the CP violation in SM and the normal-mirror mass
splitting seemingly points to the same mechanism in new physics that needs to be explored
in the future. Non-perturbative processes via quarkitons at different quark condensation
stages are proposed for B-violation and could be verified and further understood with cal-
culations using the lattice QCD technique. More accurate studies on K0L,S at the kaon
production facilities, in particular, on the branching fractions of their invisible decays [14]
that surprisingly are not constrained experimentally [55], will better quantify the generation
of baryon matter in the early universe. Future experiments at the Large Hadron Collider
may provide more clues for such topological quarkiton processes and reveal more secrets in
the SM gauge structure, the Higgs mechanism, and the amazing oscillations between the
normal and mirror worlds.
ACKNOWLEDGMENTS
This work is supported in part by the National Science Foundation under Grant No. PHY-
1713857 and the Joint Institute for Nuclear Astrophysics (JINA-CEE, www.jinaweb.org),
18
NSF-PFC under Grant No. PHY-1430152.
[1] Planck Collaboration, Y. Akrami, F. Arroja, M. Ashdown, J. Aumont, C. Baccigalupi, M. Bal-
lardini, A. J. Banday, R. B. Barreiro, N. Bartolo, and others, (2018), arXiv:1807.06205
[astro-ph].
[2] E. Kolb and M. Turner, The Early Universe, Frontiers in Physics, Vol. 69 (Addison-Wesley
Publishing Company, 1990).
[3] A. D. Sakharov, JETP Lett 5, 24 (1967).
[4] F. R. Klinkhamer and N. S. Manton, Phys. Rev. D 30, 2212 (1984).
[5] V. A. Kuzmin, V. A. Rubakov, and M. E. Shaposhnikov, Phys. Lett. B 155, 36 (1985).
[6] K. Kajantie, M. Laine, K. Rummukainen, and M. Shaposhnikov, Phys. Rev. Lett. 77, 2887
(1996).
[7] G. R. Farrar and M. E. Shaposhnikov, Phys. Rev. Lett. 70, 2833 (1993).
[8] M. Trodden, Rev. Mod. Phys. 71, 1463 (1999).
[9] J. M. Cline, (2006), arXiv:hep-ph/0609145.
[10] J. M. Cline, Philos. Trans. R. Soc. Math. Phys. Eng. Sci. 376, 20170116 (2018).
[11] G. Elor, M. Escudero, and A. E. Nelson, Phys. Rev. D 99, 035031 (2019).
[12] T. Bringmann, J. M. Cline, and J. M. Cornell, Phys. Rev. D 99, 035024 (2019).
[13] W. Buchmu¨ller, R. Peccei, and T. Yanagida, Annu. Rev. Nucl. Part. Sci. 55, 311 (2005).
[14] W. Tan, Phys. Lett. B, in press (2019), arXiv:1902.01837 [astro-ph, physics:hep-ph,
physics:nucl-th].
[15] I. Y. Kobzarev, L. B. Okun, and I. Y. Pomeranchuk, Sov. J. Nucl. Phys. 3, 837 (1966).
[16] S. I. Blinnikov and M. Y. Khlopov, Sov. Astron. 27, 371 (1983).
[17] E. W. Kolb, D. Seckel, and M. S. Turner, Nature 314, 415 (1985).
[18] M. Y. Khlopov, G. M. Beskin, N. G. Bochkarev, L. A. Pustilnik, and S. A. Pustilnik, Sov.
Astron. 35, 21 (1991).
[19] H. M. Hodges, Phys. Rev. D 47, 456 (1993).
[20] R. Foot, Int. J. Mod. Phys. D 13, 2161 (2004).
[21] Z. Berezhiani, Int. J. Mod. Phys. A 19, 3775 (2004).
[22] L. B. Okun, Phys.-Usp. 50, 380 (2007).
19
[23] M. B. Green and J. H. Schwarz, Phys. Lett. B 149, 117 (1984).
[24] D. J. Gross, J. A. Harvey, E. Martinec, and R. Rohm, Phys. Rev. Lett. 54, 502 (1985).
[25] Z. Chacko, H.-S. Goh, and R. Harnik, Phys. Rev. Lett. 96, 231802 (2006).
[26] R. Barbieri, T. Gregoire, and L. J. Hall, (2005), arXiv:hep-ph/0509242.
[27] W. Tan, (2019), arXiv:1902.03685 [astro-ph, physics:hep-th, physics:nucl-ex].
[28] W. Tan, (2019), arXiv:1903.07474 [astro-ph, physics:hep-ph].
[29] W. Tan, (2019), arXiv:1908.11838 [gr-qc, physics:hep-ph, physics:hep-th].
[30] D. N. Spergel and P. J. Steinhardt, Phys. Rev. Lett. 84, 3760 (2000).
[31] L. Wolfenstein, Phys. Rev. D 17, 2369 (1978).
[32] S. P. Mikheev and A. Y. Smirnov, Sov. J. Nucl. Phys. 42, 913 (1985).
[33] HotQCD Collaboration, T. Bhattacharya, M. I. Buchoff, N. H. Christ, H.-T. Ding, R. Gupta,
C. Jung, F. Karsch, Z. Lin, R. D. Mawhinney, and others, Phys. Rev. Lett. 113, 082001
(2014).
[34] Z. Fang, Y.-L. Wu, and L. Zhang, Phys. Rev. D 99, 034028 (2019).
[35] Particle Data Group, M. Tanabashi, K. Hagiwara, K. Hikasa, K. Nakamura, Y. Sumino,
F. Takahashi, J. Tanaka, K. Agashe, G. Aielli, and others, Phys. Rev. D 98, 030001 (2018).
[36] W. Tan, (2019), arXiv:1906.10262 [hep-ex, physics:hep-ph, physics:nucl-ex].
[37] S. Weinberg, The Quantum Theory of Fields (Cambridge University Press, 1995).
[38] J. R. Pela´ez, Phys. Rep. 658, 1 (2016).
[39] I. I. Bigi and A. I. Sanda, CP Violation, 2nd ed. (Cambridge University Press, 2009).
[40] J. M. Pendlebury, S. Afach, N. J. Ayres, C. A. Baker, G. Ban, G. Bison, K. Bodek, M. Burghoff,
P. Geltenbort, K. Green, and others, Phys. Rev. D 92, 092003 (2015).
[41] E. Witten, Nucl. Phys. B 156, 269 (1979).
[42] G. Veneziano, Nucl. Phys. B 159, 213 (1979).
[43] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977).
[44] R. D. Peccei and H. R. Quinn, Phys. Rev. D 16, 1791 (1977).
[45] R. D. Peccei, in Axions: Theory, Cosmology, and Experimental Searches, Lecture Notes in
Physics, edited by M. Kuster, G. Raffelt, and B. Beltra´n (Springer Berlin Heidelberg, Berlin,
Heidelberg, 2008) pp. 3–17.
[46] G. ’t Hooft, Phys. Rev. Lett. 37, 8 (1976).
[47] G. ’t Hooft, Phys. Rev. D 14, 3432 (1976).
20
[48] F. R. Klinkhamer and C. Rupp, Nucl. Phys. B 709, 171 (2005).
[49] F. R. Klinkhamer and P. Nagel, Phys. Rev. D 96, 016006 (2017).
[50] W. A. Bardeen, Phys. Rev. 184, 1848 (1969).
[51] A. Coc, J.-P. Uzan, and E. Vangioni, Phys. Rev. D 87, 123530 (2013).
[52] A. Coc, M. Pospelov, J.-P. Uzan, and E. Vangioni, Phys. Rev. D 90, 085018 (2014).
[53] M. Kusakabe, M.-K. Cheoun, and K. S. Kim, Phys. Rev. D 90, 045009 (2014).
[54] A. Coc, P. Petitjean, J.-P. Uzan, E. Vangioni, P. Descouvemont, C. Iliadis, and R. Longland,
Phys. Rev. D 92, 123526 (2015).
[55] S. N. Gninenko, Phys. Rev. D 91, 015004 (2015).
21
